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The evolution of deformation—microfracture damage below
Hertzian contacts in a coarse-grain TiSiC, is studied. The
Hertzian indentation stress—strain response deviates
strongly from linearity beyond a well-defined maximum,
with pronounced strain—softening, indicating exceptional
deformability in this otherwise (elastically) stiff ceramic.
Surface and subsurface ceramographic observations reveal
extensive quasi-plastic microdamage zones at the contact
sites. These damage zones are made up of multiple intra-
grain slip and intergrain shear failures, with attendant
microfracture at high strains. No ring cracks or other mac-
roscopic cracks are observed on or below the indented sur-
faces. The results suggest that T8iC, may be ideally suited
to contact applications where high strains and energy ab-
sorption prior to failure are required.

RECENTLY, dense polycrystalline I8iC, has been devel-
oped by reactively hot-pressing Ti, SiC, and C (graphite)
powderst Ti;SiC, has a hexagonal crystallographic structure
with planar Si layers linked by TiC octahedra, and with weakly
bonded basal slip planéShis material displays a unique com-
bination of properties.It is oxidation resistant, and possesses
high electrical and thermal conductivity. It has a high elastic
modulus E = 320 GPa) but a low hardnesd & 4 GPa), and

is machinable. The valud/E = 0.013 is exceptionally small
for a ceramic® more reminiscent of soft metals. In Vickers
indentation tests a multiplicity of energy-absorbing deforma-
tion mechanisms operate, predominantly basal slip but also
grain buckling as well as grain slidirfg.

In this communication we investigate the contact deforma-
tion of Ti;SiC, using Hertzian indentation® Indentation
stress—strain data reveal exceptional quasi-plasticity in this
material, with a pronounced strain—softening “tail.” Ceramo-
graphic sectioning is used to examine the nature of the subsur-
face quasi-plastic damage. Our experiments confirm shear—
activated basal slip deformation within grains as the key to the
exceptional high quasi-plasticity.

Introduction

Il. Experimental Procedure

Details to the powder processing and ensuing microstructure
of Ti3SiC, have been presented elsewhkrolycrystalline
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specimens were fabricated by weighing stoichiometric propor-
tions of Ti (99.3% pure, 325 mesh, Titanium Specialists,
Sandy, UT), SiC (99.7% pure, mean particle sizg.@, At-
lantic Equipment Engineers, Bergenfield, NJ), and C (99%
pure, mean particle sizedm, Aldrich, Milwaukee, WI) pow-
ders, mixing in a V-blender for 2 h, and reactive hot pressing
at 1600°C fo 4 h under a pressure of 40 MPa. The microstruc-
ture of the sintered material investigated here consists of large
platelike grains of diameter 50-2Q0m and thickness 5-20
wm, with a heavily striated texture? All test surfaces were
diamond-polished to Lum finish.

Vickers indentations were made Rt= 1-1000 N to mea-
sure hardness, determined herddas: P/2a, whereP is peak
load anda is impression half-diagonal.

Hertzian indentations were made using tungsten carbide
(WC) spheres of radius = 1.21-12.7 mm, at peak loads up to
P = 4000 N. Measurements of contact radaugmade visible
by first coating the specimen surface with a gold film) at each
given loadP and sphere radiusenabled calculation of inden-
tation stressesy, P/ma?, and indentation straing/r, for
construction of an indentation stress—strain cér¢én inden-
tation yield stresp, = p, was evaluated from the threshold
loads above which permanent impressions were first detected
on the contact surface.

Bonded-interface specimens were used to provide sections
of the Hertzian contact dama§€.These specimens were pre-
pared by bonding together two polished half-blocks 30 mm x
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Fig. 1. Vickers hardness (means and standard deviations) as function
of indentation load for TSIC,. Open circles are data from previous

work 3
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10 mm x 10 mm at a common interface with an intervening 5 T I
thin layer of adhesive, and then polishing the top surface. In-
dentations were made on the top surface across the surface _
trace of the bonded interface. The adhesive was then dissolved &
in acetone, and the top and side surfaces of the separated half-(5
blocks gold coated. Damage zones were observed by optical
microscopy in Nomarski illumination and by scanning electron

microscopy (SEM).
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Ill. Results

Indentation stress, p, (GP

(1) Hardness and Indentation Stress—Strain Curve

Figure 1 plots hardness as a function of indentation load for
the TiLSIC, material. Each data point (mean and standard de-
viation) was obtained from five measurements. Some data from
previous work on similar material are included for compari- 0 ‘ ' '
son3 The hardness is highly dependent on the indentation load, 0.0 0.2 04 0.6 0.8
falling first abruptly betweef® = 1-5 N and then more gradu- Indentation strain, a/r
ally at higher loads. This strong dependency of hardness is
attributable to the large grain size: when the contact dimension Fig. 2. Indentation stress—strain curve for,$iC,. Inclined dashed
2a of the Vickers impression is less than the grain size (mini- line is Hertzian elastic response. Labal®, c, d,ande correspond to
mum 50 um), the hardness measures properties of single micrographs in Fig. 3.
grains; when @ becomes much larger than the grain size, the

hardness measures polycrystalline properties, with more grains
oriented for basal slip. The relatively large error bars associatedsizes. The inclined dashed line through the origin is the

with the data at low loads in Fig. 1 reflect stochastics in the Hertzian limit for ideal elastic contacts. A yield poipt = 1.0

grain orientations in this region. GPa representing the contact pressure at first observable de-
Figure 2 plots the Hertzian indentation stress—strain curve. formation is indicated. The data deviate slightly from linearity

The data points are experimental values for the different sphereabove this yield point, increasing monotonically with |ded®

Fig. 3. Surface views of indentation sites ingBiC,. Indentations made with WC ball of radins= 1.98 mm. Micrographs (a), (b), (c), (d), and
(e) correspond to points labeled in Fig. 2. Optical micrographs, Nomarski illumination.
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Fig. 4. Half-surface and side view of contact damage from WC ball
radiusr = 3.18 mm at load® = 2000 N (p, = 3.6 GPa). Bonded-
interface specimen.

However, the data then pass through a distinctive maximum atgig 5. micrographs of micromechanical damage from central sub-
Po = 3.8 GPa and thereafter decline steadily in a long tail. This syrface region in Fig. 4: (a) optical (Nomarski), (b) SEM.

kind of strong strain—softening characteristic is most unusual in

ordinarily brittle ceramics, although it is reminiscent of the

stress—strain curves observed in rocks in triaxial compression

fields 10 crofailures extend along the grain boundaries intersected by the
) heavily deformed lamellae, analogous to the generation of mi-
(2) Contact Damage and Deformation crocracks at dislocation pile-ups in metatsand across some

The optical micrographs in Fig. 3 confirm that the deviation ©f the adjacent grains.
from linearity in the stress—strain curve is due to the onset of
indentation damage. The sequence shows surface views of IV. Discussion
damage for points markedl b, ¢, d,ande in Fig. 2: (a) just
above the yield point the first few grains have deformed within ~ We have investigated contact damage inSIC, using
the contact area; (b) near the maximum the number of de- Hertzian contact. The indentation stress—strain curve in Fig. 2
formed grains within the contact area has markedly increasedreveals some distinctive features in the elastic—plastic response.
and individual grain-localized microfaults are observed, typical The initial elastic region is steep, commensurate with the high
of tough ceramic$:%-°(c) beyond the maximum stress level the Young’s modulus, 320 GPa (a value comparable to that of
impression is more extensive and deformed grains are observedther hard ceramics like silicon nitride and alumina). The
outside the impression; (d) further along the strain—softening stress—strain curve deviates slightly from linearity above the
tail the impression is deeper and grain deformation outside theyield stressp, = 1.0 GPa, up to the maximum, = 3.8 GPa.
contact area is considerably more pronounced, and material haBeyond this point the curve decreases dramatically with in-
piled up around the impression; (e) at even higher strain the creasing strain, indicating strong strain—softening. Such soft-
impression is extensive, and grains beyond the edge of theening behavior is most unusual in ordinarily brittle ceramics
contact area are heavily deformed, with attendant microcrack (although it is observed commonly in rocks in compres¥ipn
coalescence and grain detachment. The complete absence afeflecting the capacity of the material to undergo extensive
any ring cracks or cone cracks on the surfaces highlights the plastic deformation without macroscopic fracture. The low ra-
predominantly quasi-plastic nature of the damage. tio of hardness/modulu$j/E = 0.013, is comparable to soft

Figure 4 shows a half-surface and section view of the contact steel? suggesting an ultimate mechanical behavior more remi-
damage near the stress—strain maximum (just beyondpaint ~ niscent of a ductile metal.
Fig. 2). A distinctive surface depression is observed in the There is a microstructural size effect in the Vickers hardness
section, attesting to the extent of the deformation. The subsur-data in Fig. 22 This size effect is associated with the large grain
face deformation is particularly intense, extending well below size of the TiSiC, material studied here. When the contact area
the contact area. Figure 5 shows optical and SEM micrographsis comparable to the grain size, the contact samples just a few
of the center region of the subsurface damage zone in Fig. 4(b).grains—the probability of initiating slip then depends strongly
In Fig. 5(a) intralamella slip along basal planes and microfail- on the local grain orientation. As the contact area increases,
ures along the grain boundaries are evident. In Fig. 5(b) mi- more grains are sampled within the near-contact field, and the
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likelihood of encountering grains with favorable orientations
for deformation is correspondingly higher. Accordingly, the
data are subject to greater stochastic variation at low Idads,
accounting for the larger error bars in this region in Fig. 1.

The micrographs of the damage zones in Figs. 3 and 4 dem-

onstrate extensive shear-driven deformation in thgSiQ,.

The high-magnification micrographs in Fig. 5 reveal the dam-
age to consist predominantly of basal-slip lamellae within
grains, with accompanying shear-induced microcracking be-

tween grains. The ease and multiplicity of the basal slip process

within the individual grains accounts for the exceptional plas-
ticity.>3120n the other hand, the existence of just one easy slip
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tiphan, Y. G. Jung, and H. Chai for many discussions on experimental aspects
of this work.
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